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Abstract
We study anomalous couplings among neutral gauge bosons in ZZ production at the
LHC for
√
s = 13 TeV in 4-lepton final state. We use the cross section and polarization
asymmetries of the Z boson to estimate simultaneous limits on anomalous coupling using
markov-chain–monte-carlo (MCMC) method for luminosities 35.9 fb−1, 150 fb−1, 300 fb−1
and 1000 fb−1. The CP -even polarization asymmetry Ax2−y2 is sensitive mainly to the
CP -odd couplings fZ/γ4 (quadratically) providing a probe to identify CP -odd nature of
interaction at the LHC. We find that the polarization asymmetries significantly improve the
estimation of anomalous couplings should a deviation from the SM be observed.
1 Introduction
The Standard model (SM) of particle physics is a highly successful theory in explaining most of
the phenomena in Nature. The last milestone of the SM, the Higgs boson discovered [1] at the
Large Hadron Collider (LHC) confirmed the Electro Weak Symmetry Breaking (EWSB), which
is still not fully understood. To understand this, one needs a precise measurement of the Higgs
self couplings, Higgs to gauge boson couplings and gauge boson self couplings. Anomalous triple
gauge boson couplings (aTGC) can play an important role to understand the EWSB mechanism.
Absence of neutral aTGC at the LHC will provide support to the EWSB, while the presence of
it will indicate new physics possibility needed to explain many phenomena such as CP violation,
Baryogenesis, dark matter, etc. The ZZ and Zγ production are the two main processes where
one can study the neutral aTGC. The neutral aTGC can be obtained by adding higher dimension
effective operators to the SM [2–4]. The neutral aTGC start appearing at dimension-8 onward
and hence their effect is expected to be very small at low energy. Alternatively, one can also
parametrize the neutral aTGC with dimension-6 (and 8) form factors in a model-independent
way [5]. A Lagrangian for the parametrization discussed in Ref. [5] consisting terms up to
dimension-6 is given by [6]
LaTGC = e
M2Z
[[
fZ4
(
∂µZ
µβ
)− fγ4 (∂µFµβ)]Zα (∂αZβ) + [fγ5 (∂σFσµ) + fZ5 (∂σZσµ)] Z˜µβZβ
− [hγ1 (∂σFσµ) + hZ1 (∂σZσµ)]ZβFµβ − [hγ3 (∂σF σρ) + hZ3 (∂σZσρ)]ZαF˜ρα], (1)
where Z˜µν = 1/2µνρσZρσ (0123 = +1) with Zµν = ∂µZν − ∂νZµ and similarly for the photon
tensor Fµν . Among these anomalous couplings fV4 , hV1 (V = Z, γ) are CP -odd in nature and fV5 ,
hV3 are CP -even. The couplings fV appear only in the ZZ production process, while hV appear
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in the Zγ production process. The anomalous neutral triple gauge boson couplings in Eq. (1)
have been widely studied in the literature [6–27] for various colliders: in e+e− collider [7, 9, 17–
19, 21–25], eγ collider [10, 15, 16], γγ collider [20], hadron collider [8, 12, 14, 26, 27] and both
e+e− and hadron collider [6, 11, 13].
On the experimental side, the anomalous Lagrangian in Eq. (1) have been explored at the
LEP [28–32], the Tevatron [33–35] and the LHC [36–42]. The tightest 95 % C.L. limits on
anomalous couplings are obtained in ZZ production at the LHC [42] running at
√
s = 13 TeV
with L = 35.9 fb−1 and they are given by
−0.0012 < fZ4 < 0.0010, − 0.0010 < fZ5 < 0.0013,
−0.0012 < fγ4 < 0.0013, − 0.0012 < fγ5 < 0.0013, (2)
obtained by varying one parameter at a time and using only the cross section as observable.
The tensorial structure for some of these anomalous couplings can be generated at higher
order loop within the framework of a renormalizable theory. For example, a fermionic triangular
diagram can generate CP -even couplings in the SM, some simplified fermionic model [43], the
Minimal Supersymmetric SM (MSSM) [44, 45] and Little Higgs model [46]. On the other, hand
CP -odd couplings can be generated at 2 loop in the MSSM [44]. A CP -violating ZZZ vertex
has been studied in 2HDM in Ref. [43, 47, 48]. Besides this, the non-commutative extension of
the SM (NCSM) [49] can also provide these anomalous coupling structures.
Here we study anomalous triple gauge boson couplings in the neutral sector in the framework
of the model independent Lagrangian in Eq. (1) using polarization observables of Z boson [22,
50, 51] in ZZ pair production at the LHC. The polarization asymmetries of Z and W have been
used earlier to study the anomalous couplings in ZZ/Zγ production at e+e− collider [22, 23], in
W+W− production at e+e− collider [52, 53]. The polarization asymmetries have also been used
to study Higgs-gauge boson interaction [54, 55], for dark matter studies [56], for testing the top
quark mass structure [57, 58], for studies of special interactions of massive particles [59, 60], and
for studies of dark matter and heavy resonance [61]. The LHC being a symmetric collider, many
polarization out of 8 polarization of Z boson cancels out, however, three of them are non zero,
which are discussed in section 2.
The leading order (LO) result of the ZZ pair production cross section is way below the result
measured at the LHC [41, 42]. However, the existing next-to-next-to-leading order (NNLO) [62,
63] results are comparable with the measured values at CMS [42] and ATLAS [41]. We, however,
obtain the cross section at next-to-leading order (NLO) in the SM and in aTGC using Mad-
Graph5_aMC@NLO [64] and have used the SM k-factor to match to the NNLO value. The details
of these calculations are described in section 3.
The rest of the paper is organised as follows. In section 2 we give a brief overview of the
polarization observables of the Z boson. In section 3 we discuss LO, NLO and NNLO result for
ZZ production including aTGC and various background processes. In section 4 we study the
sensitivity of observables to couplings and obtain one parameter as well as simultaneous limits on
the couplings. We also study a benchmark aTGC and investigate how polarization asymmetries
can improve the estimation of anomalous couplings. We conclude in section 5.
2 Polarization observables of Z
The normalized production density matrix of a spin-1 particle (here Z) can be written as [50, 65]
ρ(λ, λ′) =
1
3
[
I3×3 +
3
2
~p.~S +
√
3
2
Tij
(
SiSj + SjSi
)]
, (3)
where ~S = {Sx, Sy, Sz} are the spin basis, ~p = {px, py, pz} are the vector polarizations, Tij (2nd-
rank symmetric traceless tensor) are tensor polarizations and (λ, λ′) ∈ {+1, 0,−1} are helicities
2
of the particle. After expansion Eq. (3) can be rewritten as∗
ρ(λ, λ′) =

1
3 +
pz
2 +
Tzz√
6
px−ipy
2
√
2
+
Txz−iTyz√
3
Txx−Tyy−2iTxy√
6
px+ipy
2
√
2
+
Txz+iTyz√
3
1
3 − 2Tzz√6
px−ipy
2
√
2
− Txz−iTyz√
3
Txx−Tyy+2iTxy√
6
px+ipy
2
√
2
− Txz+iTyz√
3
1
3 − pz2 + Tzz√6
 . (4)
The Eq. (4) is called a polarization density matrix of a spin-1 particle. The 8 independent
polarizations px, py, pz and Txy, Txz, Tyz, Txx−Tyy and Tzz can be calculated from a production
density matrix of the particle in any production process [23, 51]. The laboratory (Lab) frame and
centre-of-mass frame (CM) being different at the LHC, the polarization calculated at CM frame
will not be same as the polarization at Lab frame, unlike the total cross section. The production
density matrix receives a total rotation leaving the trace invariant when boosted form CM to
Lab frame. These leads to the polarization parameters pi and Tij getting transformed as [65]
pLabi =
∑
j
RYij(ω)p
CM
j ,
TLabij =
∑
k,l
RYik(ω)R
Y
jl(ω)T
CM
kl , (5)
where
cosω = cos θCM cos θLab + γCM sin θCM sin θLab,
sinω =
M
ECM
(sin θCM cos θLab − γCM cos θCM sin θLab) , (6)
RYij is the usual rotational matrix w.r.t. y-direction, θ is the polar angle of the particle w.r.t.
z-direction, M is the rest mass, ECM is the energy in CM frame and γCM = 1/
√
1− β2CM with
βCM being boost of the CM frame†.
Combining the normalized production matrix in Eq. (4) with normalized decay density matrix
of the particle to a pair of fermion f , the normalised differential cross section would be [50]
1
σ
dσ
dΩf
=
3
8pi
[(
2
3
− (1− 3δ) Tzz√
6
)
+ α pz cos θf +
√
3
2
(1− 3δ) Tzz cos2 θf
+
(
α px + 2
√
2
3
(1− 3δ) Txz cos θf
)
sin θf cosφf
+
(
α py + 2
√
2
3
(1− 3δ) Tyz cos θf
)
sin θf sinφf
+ (1− 3δ)
(
Txx − Tyy√
6
)
sin2 θf cos(2φf )
+
√
2
3
(1− 3δ) Txy sin2 θf sin(2φf )
]
. (7)
Here θf , φf are the polar and the azimuthal orientation of the fermion f , in the rest frame of
the particle (Z) with its would be momentum along the z-direction. For massless final state
fermions, we have δ = 0 and α = (R2f − L2f )/(R2f + L2f ) where the Zff¯ coupling is of the type
γµ (Lf PL +Rf PR). The polarizations pi and Tij are calculable from asymmetries constructed
∗The choice of polarization vector is used to be Z(λ = ±1) = 1√2{0,∓1,−i, 0}.†These properties has been used in Ref. [66, 67].
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Table 1: The theoretical estimates and experimental measurements of ZZ production cross
section at
√
s = 13 TeV at the LHC. The uncertainties in the theoretical estimates come from
scale variation
Ref. σLO [pb] σNLO [pb] σNNLO [pb]
Ref. [62] 9.890+4.9%−6.1% 14.51
+3.0%
−2.4% 16.92
+3.2%
−2.6%
Ref. [63] 9.887+4.9%−6.1% 14.51
+3.0%
−2.4% 16.91
+3.2%
−2.4%
CMS [42] 17.2± 0.5(stat.)± 0.7(syst.)± 0.4(lumi.)
ATLAS [41] 17.3± 0.6(stat.)± 0.5(syst.)± 0.6(lumi.)
from the decay angular information of lepton using Eq. (7). For example, Txx − Tyy can be
calculated from the asymmetry Ax2−y2 as
Ax2−y2 =
1
σ
[(∫ pi
4
−pi
4
dσ
dφ
dφ+
∫ 5pi
4
3pi
4
dσ
dφ
dφ
)
−
(∫ 3pi
4
pi
4
dσ
dφ
dφ+
∫ 7pi
4
5pi
4
dσ
dφ
dφ
)]
≡ σ(cos 2φ > 0)− σ(cos 2φ < 0)
σ(cos 2φ > 0) + σ(cos 2φ < 0)
=
1
pi
√
2
3
(1− 3δ) (Txx − Tyy) . (8)
Likewise one can construct asymmetries corresponding to each of the polarizations pi and Tij ,
see Ref. [22] for details.
The LHC being a symmetric collider, most of the polarizations of Z in ZZ pair production
are either zero or close to zero except the polarization Txz, Txx − Tyy, and Tzz. To enhance the
significance further we redefine the asymmetry corresponding to Txz as (see Ref. [23])
A˜xz ≡ 1
σ
(
σ(cθZ × cθf cφf > 0)− σ(cθZ × cθf cφf < 0)
)
, (9)
where cθZ is the cosine of Z boson polar angle in the lab frame. To get the momentum direction
of Z boson, one needs a reference axis (z-axis), but we can not assign a direction at the LHC
because it is a symmetric collider. So we consider the direction of boost of the 4l final state to
be the proxy for reference z-axis. In qq¯ fusion the quark is supposed to have larger momentum
then the anti-quark at the LHC, thus above proxy statistically stands for the direction of the
quark and cθZ is measured w.r.t. the boost.
3 Signal and background
We are interested in studying anomalous triple gauge boson couplings in ZZ pair production at
the LHC. The tree level standard model contribution to this process comes from the represen-
tative diagram (a0) in Fig. 1, while the tree level aTGC contribution is shown in the diagram
(b0). Needless to say, the tree level cross section in the SM is way below the measured cross
section at the LHC, because QCD corrections are very high in this process. In the SM, at NLO
(O(αs)), virtual contributions come from the representative diagrams (a1–a3) and real contribu-
tions come from (a4–a9) in the qq¯ initiated sub-process. The gg initiated sub-process appears
at 1-loop level, the diagrams (a10–a12), and contributes at O(α2s). The LO, NLO and NNLO
results from theoretical calculation [62, 63] for ZZ production cross section at
√
s = 13 TeV
for a pp collider are listed in Table 1. The recent experimental measurement from CMS [42]
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1Figure 1: Representative Feynman diagrams for ZZ pair production at the LHC in the SM (qq¯
and gg initiated) as well as in aTGC (qq¯ initiated) at tree level together with NLO in QCD
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and ATLAS [41] are also shown for comparison. The cross section at NLO receives as much as
∼ 46 % correction over LO and further the NNLO cross section receives ∼ 16 % correction over
the NLO result. At NNLO the qq¯ sub-process receives 10 % correction [63] over NLO and the
gg initiated O(α3s) sub-process receives 70 % correction [68] over it’s O(α2s) result. The LO and
NLO results obtained in MadGraph5_aMC@NLO v2.6.2 with pdf (parton-distribution-function)
sets NNPDF23 are
σqq¯→ZZO(α0s) = 9.341
+4.3%
−5.3% pb,
σqq¯→ZZO(αs) = 13.65
+3.2%
−3.6% pb,
σgg→ZZO(α2s) = 1.142
+24.5%
−18.7% pb,
σqq¯+gg→ZZmixed1 = σ
qq¯→ZZ
O(αs) + σ
gg→ZZ
O(α2s)
= 14.79+4.8%−4.7% pb. (10)
The errors in the subscript and superscript on the cross section are the uncertainty from scale
variation. The total cross section combining the qq¯ sub-process at O(α2s) with gg at O(α3s) is
given by
σqq¯+gg→ZZmixed2 = σ
qq¯→ZZ
O(αs) × 1.1︸ ︷︷ ︸
O(α2s)
+ σgg→ZZO(α2s) × 1.7︸ ︷︷ ︸
O(α3s)
= 16.96+5.6%−5.3% pb. (11)
The aTGC has also a substantial NLO QCD correction and they come from the diagram (b2)
at 1 loop level and from (b2–b4) as the real radiative process. The aTGC effect is not included
in the gg process where the aTGC may come from a similar with h → ZZ in Fig. 1(a12) but h
replaced with a Z. As an example of NLO QCD correction of aTGC in this process, we obtain
cross section at
√
s = 13 TeV with all couplings fVi = 0.001. NNPDF23. The cross section for
only aTGC part, (σaTGC − σSM) at LO and NLO are 71.82 fb and 99.94 fb respectively. Thus
NLO result comes with a substantial amount (∼ 39 %) of QCD correction over LO at this given
aTGC point.
The signal consists of 4l (2e2µ/4e/4µ) final state which includes ZZ, Zγ?, and γ?γ? processes.
The signal events are generated in MadGraph5_aMC@NLO with pdf sets NNPDF23 in the SM
as well as in the aTGC as pp → V V → 2e2µ (V = Z/γ?) at NLO in QCD in qq¯, qg as well as
in 1-loop gg initiated process with the following basic cuts (in accordance with Ref. [42]),
• plT > 10 GeV, hardest plT > 20 GeV, and second hardest plT > 12 GeV,
• |ηe| < 2.5, |ηµ| < 2.4,
• ∆R(e, µ) > 0.05, ∆R(l+, l−) > 0.02.
To select the ZZ final state from the above generated signal we further put a constraint on
invariant mass of same flavoured oppositely charged leptons pair with
• 60 GeV < Ml+l− < 120 GeV.
The 2e2µ cross section up to a factor of two is used as the proxy for the 4l cross section for the
ease of event generation and related handling.
The background event consisting tt¯Z and WWZ with leptonic decay are generated at LO
in MadGraph5_aMC@NLO with NNPDF23 with same sets of cuts as applied to the signal and
their cross section is matched to NLO in QCD with a k-factor of 1.4. This k-factor estimation
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was done at the production level. We have estimated the total cross section of the signal in the
SM to be
σ(pp→ ZZ → 4l)qq¯O(αs) = 28.39 fb,
σ(pp→ ZZ → 4l)ggO(α2s) = 1.452 fb,
σ(pp→ ZZ → 4l)qq¯+ggmixed1 = 29.85 fb,
σ(pp→ ZZ → 4l)qq¯+ggmixed2 = 33.70 fb. (12)
The background cross section at NLO is estimated to be
σ(pp→ tt¯Z +WWZ → 4l + ET )NLO = 0.020 fb. (13)
The values of various parameters used for the generation of signal and background are
• MZ = 9.11876 GeV, MH = 125.0 GeV,
• GF = 1.16639× 10−5 GeV−2, αem = 1/132.507,
αs = 0.118,
• ΓZ = 2.441404 GeV, ΓH = 6.382339 MeV.
The renormalization and factorization scale is set to
∑
MTi /2, M
T
i are the transverse mass of
all final state particles and partons.
In our analysis the total cross section in the SM including the aTGC is taken as‡
σTot = σ
SM
mixed2 + (σ
aTGC
NLO − σSMNLO), (14)
the SM is considered at ordermixed2, whereas the aTGC contribution along with its interference
with the SM are considered at NLO in QCD (as the NNLO contribution is not known with
aTGC)..
We will use polarization asymmetries as described in the previous section in our analysis.
Assuming that the NNLO effect cancels away because of the ratio of two cross section, we will
use the asymmetries as
Ai =
∆σmixed1i
σmixed1
. (15)
We use total cross section at mixed2 order and asymmetries at mixed1 order to put constrain
on the anomalous couplings.
3.1 Effect of aTGC in distributions
The effect of aTGC on observables varies with energy scale. We study the effect of aTGC on
various observables in their distribution and determine the signal region. In Fig. 2 we show
four lepton invariant mass (M4l) or centre-of-mass energy (
√
sˆ) distribution (left-panel) and ∆R
distribution of µ+µ− pair (right-panel) at
√
s = 13 TeV for the SM along with background tt¯Z+
WWZ and some benchmark aTGC points for events normalized to luminosity 300 fb−1 using
MadAnalysis5 [69]. The gg contribution is at its LO (O(α2s)), while all other contributions are
shown at NLO (O(αs)). The qq¯ → ZZ, Zγ contribution is shown in green band, gg → ZZ,Zγ
is in blue band and the background tt¯Z +WWZ contribution is shown in grey band. The aTGC
contribution for various choices are shown in dashed/cyan (fZ5 = 0.002), solid/red (fZ4 = 0.002),
dashed-dotted/dark-green (fγ5 = 0.002) and small-dashed/magenta (f
γ
4 = 0.002). For the M4l
distribution in left, all events above 1 TeV are added in the last bin. All the aTGC benchmark
‡mixed1 ≈ qq¯(O(αs)) + gg(O(α2s)), mixed2 ≈ qq¯(O(α2s)) + gg(O(α3s))
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Figure 2: M4l (left-panel) and ∆R between µ+, µ− (right-panel) distribution in ZZ production
at the LHC at
√
s = 13 TeV and L = 300 fb−1 at NLO in QCD. The SM signal and background
are shown in shaded region, while aTGC contributions are shown with different line types
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Figure 3: M4l vs ∆R scattered plot in ZZ production at the LHC at
√
s = 13 TeV for the SM
and for aTGC with fγ4 = 0.002
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Figure 4: The sensitivity of the cross section and the polarization observables to the anomalous
couplings at
√
s = 13 TeV and L = 300 fb−1 in ZZ production at the LHC
i.e., fVi = 0.002 are not visibly different than the SM qq¯ contribution upto
√
sˆ = 0.8 TeV and
there are significant excess of events in the last bin, i.e., above
√
sˆ = 1 TeV. This is due to
momentum dependence [22] of the interaction vertex that leads to increasing contribution at
higher momentum transfer. In the distribution of ∆R(µ+, µ−) in the right-panel, the effect of
aTGC is higher for lower ∆R (below 0.5). In the ZZ process, the Z bosons are highly boosted for
larger
√
sˆ and their decay products are collimated leading to a smaller ∆R separation between
the decay leptons. To see this kinematic effect we plot events in M4l - ∆R plane in Fig. 3. Here,
we choose a minimum ∆R between e pair and µ pair event by event. We note that additional
events coming from aTGC contributions have higher M4l and lower ∆R between leptons. For
∆R < 0.2 most of the events contribute to theM4l > 1 TeV bin and they are dominantly coming
from aTGC. Thus we can choose M4l > 1 TeV to be the signal region.
4 Sensitivity of observables and limits on the anomalous cou-
plings
In this analysis, the set of observables consist of the cross section and polarization asymmetries
A˜xz, Ax2−y2 , and Azz. The signal region for the cross section σ is chosen to be M4l > 1 TeV as
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we have discussed in the previous section. In case of asymmetries, we choose the signal region as
M4l > 0.3 TeV for A˜xz and M4l > 0.7 TeV for Ax2−y2 and Azz as the effect of aTGC is found to
be best in these region corresponding to these asymmetries. The expression for the cross section
and the polarization asymmetries as a function of couplings are obtained by numerical fitting the
data generated by MadGraph5_aMC@NLO. The events are generated for different set of values
of the couplings fVi = (f
γ
4 , f
Z
4 , f
γ
5 , f
Z
5 ) and then various cross sections, i.e., the total cross
section and the numerator of the asymmetries, O, are fitted as
O = O0 + fVi ×Oi + fVi × fVj ×Oij , (16)
in general, where O0 is the value of corresponding cross sections in the SM. The observables,
considered here, are all CP -even in nature which leads to the modification of Eq. (16) as
O = O0 + fV5 ×OV5 + fγ4 fZ4 ×Oγ,Z4
+fγ5 f
Z
5 ×Oγ,Z5 + (fVi )2 ×OV Vi , (17)
as the fV4 are CP -odd, while fV5 are CP -even couplings reducing the unknown from 15 to 9 to be
solved. The numerical expressions of the cross section and the asymmetries as a function of the
couplings are given in Appendix A. The observables are obtained up to O(Λ−4), i.e., quadratic
in dimension-6. In practice, one should consider the effect of dimension-8 contribution at linear
order. However, we choose to work with only dimension-6 in couplings with a contribution up
to quadratic so as to compare the results with the current LHC constraints on dimension-6
parameters [42]. A note on keeping terms up to quadratic in couplings, and not terminating at
linear order, is presented in Appendix B.
4.1 Sensitivity of observables to the couplings
The sensitivity of an observable O(fi) to coupling fi is defined as
SO(fi) = |O(fi)−O(fi = 0)|
δO , (18)
where δO is the estimated error in O. For cross section and asymmetries, the errors are
δσ =
√
σ
L + (σσ)
2 and δAi =
√
1−A2i
L × σ + 
2
A, (19)
where L is the integrated luminosity and σ and A are the systematic uncertainty for the cross
section and the asymmetries, respectively. We consider σ = 2 % and A = 1 % in this analysis
as a benchmark. The sensitivity of all the observables to the couplings are shown in Fig. 4 for
L = 300 fb−1. We find asymmetries to be less sensitive than the cross section to the couplings
and thus cross section wins in putting limits on the couplings. The sensitivity curve of all the
couplings in each observable are symmetric about zero as fV4 (being CP -odd) does not appear in
linear in any observables and also the linear contribution from fV5 are negligibly small compared
to their quadratic contribution (see Appendix A). For example, the coefficient of fV5 are ∼ 1 in
σ(M4l > 1 TeV) (Eq. (21)), while the coefficient of (fV5 )2 are ∼ 5×104. Thus even at fV5 = 10−3
the quadratic contribution is 50 times stronger than the linear one. Although the asymmetries
are not strongly sensitive to the couplings as the cross section, they are useful in the measurement
of the anomalous couplings, which will be discussed in the next section.
It is noteworthy to mention that the sensitivity of Ax2−y2 are flat and negligible for CP -
even couplings fV5 , while they vary significantly for CP -odd couplings fV4 . Thus the asymmetry
Ax2−y2 , although a CP -even observables, is able to distinguish between CP -odd and CP -even
interactions in the ZZ production at the LHC.
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Table 2: One parameter limits (10−3) on anomalous couplings in ZZ production at the LHC
at
√
s = 13 TeV for various luminosities
param / L 35.9 fb−1 150 fb−1 300 fb−1 1000 fb−1
fγ4
+1.20
−1.20
+0.84
−0.84
+0.70
−0.70
+0.52
−0.52
fγ5
+1.19
−1.22
+0.83
−0.86
+0.69
−0.73
+0.51
−0.54
fZ4
+1.02
−1.02
+0.71
−0.71
+0.60
−0.60
+0.44
−0.44
fZ5
+1.02
−1.04
+0.71
−0.73
+0.59
−0.62
+0.44
−0.46
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−0.6
0.0
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f γ5 (10
−3)
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−0.6
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0.6
1.2
f
Z 5
(1
0
−3
)
√
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Figure 5: Two dimensional marginalised contours at 95 % BCI from MCMC using the cross
section σ along with polarization asymmetries (pol.) at
√
s = 13 TeV for various luminosities in
ZZ production at the LHC
We use the total χ2 as
χ2(fi) =
∑
j
[SO(fi)]2 (20)
to obtain the single parameter limits on the couplings by varying one parameter at a time and
keeping all other to their SM values. The single parameter limits thus obtained on all the
anomalous couplings at 95 % C.L. for four benchmark luminosities L = 35.9 fb−1, 150 fb−1,
300 fb−1 and 1000 fb−1 are presented in Table 2. The limit at L = 35.9 fb−1 given in the first
column of Table 2 are comparable to the tightest limit available at the LHC by CMS [62] given
in Eq. (2).
4.2 Limits on the couplings from MCMC
A likelihood-based analysis using the total χ2 with the MCMC method is done by varying all
the parameters simultaneously to extract simultaneous limits on all the anomalous couplings for
the four benchmark luminosity chosen. The two dimensional marginalised contours at 95 % C.L.
in the fγ4 -f
Z
4 and f
γ
5 -f
Z
5 planes are shown in Fig. 5 for the four benchmark luminosities chosen,
using the cross section together with the polarization asymmetries, i.e, using (σ + pol.). The
outer most contours are for L = 35.9 fb−1 and the inner most contours are for L = 1000 fb−1.
The corresponding simultaneous limits on the aTGC couplings for four benchmark luminosities
are presented in Table 3. The simultaneous limits are usually less tight than the one-dimensional
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Table 3: Simultaneous limits (10−3) on anomalous couplings in ZZ production at the LHC at√
s = 13 TeV for various luminosities from MCMC
param / L 35.9 fb−1 150 fb−1 300 fb−1 1000 fb−1
fγ4
+1.12
−1.11
+0.78
−0.78
+0.66
−0.66
+0.50
−0.50
fγ5
+1.10
−1.13
+0.77
−0.80
+0.65
−0.67
+0.47
−0.50
fZ4
+0.95
−0.95
+0.67
−0.67
+0.57
−0.57
+0.41
−0.41
fZ5
+0.95
−0.97
+0.67
−0.68
+0.56
−0.58
+0.41
−0.42
limits, but find the opposite in some case, which can be seen comparing Table 3 with Table 2.
The reason for this is following. The cross section, the dominant observable, has a very little
linear dependence, while it has a large quadratic dependence on the couplings (see Eq. (21)). As
a result, when one obtains the limit on one parameter in the multi-parameter analysis, a slight
deviation on any other parameter from zero (SM point) tightens the limit on the former coupling.
4.3 Role of polarization asymmetries in parameter extraction
The inclusion of polarization asymmetries with the cross section has no significant effect in con-
straining the anomalous couplings. The asymmetries may still be useful in extracting parameter
if excess events were found at the LHC. To explore this, we do a toy analysis of parameter extrac-
tion using the data for all aTGC couplings fVi = 0.0002 (well above current limit) and use MCMC
method to extract back these parameters. In Fig. 6, we show two-dimensional marginalized con-
tours for the four benchmark luminosities for the benchmark aTGC couplings point fVi = 0.002
in fγ4 -f
Z
4 and f
γ
5 -f
Z
Z planes for the set of observables σ and (σ + pol.) for comparison. The
darker-shaded regions are for 68 % C.L., while lighter-shaded regions are for 95 % C.L. The dot
(•) and the star (?) mark in the plot are for the SM (0, 0) and aTGC benchmark (0.002, 0.002)
points, respectively. We note that the SM point is inside the 68 % C.L. contours even at a high
luminosity of L = 1000 fb−1 if we use only cross section as observable, see row-1 and 3 of Fig. 6.
The distinction between the SM and the aTGC get improved when polarization asymmetries are
included, i.e., the SM point is outside the 95 % C.L. contour even for the moderate luminosity
of L = 300 fb−1, see row-2 and 4 of the figure. As the luminosity increases, from the left column
to right, the contours for (σ + pol.) shrink around the star (?) mark maintaining the shape of
a ring giving better exclusion of the SM by from aTGC benchmark. Polarization asymmetries
are thus useful in the measurement of the anomalous couplings if excess events are found at the
LHC.
5 Conclusions
In conclusion, we studied anomalous triple gauge boson couplings in the neutral sector in ZZ pair
production at the LHC and investigated the role of Z boson polarizations. The QCD correction
in this process is very high and can not be ignored. We obtained the cross section and the
asymmetries at higher order in QCD. The aTGC contributes more in the higher
√
sˆ region as
they are momentum dependent. The major background tt¯Z + WWZ are negligibly small and
they vanish in the signal regions. Although the asymmetries are not as sensitive as the cross
section to the couplings, the asymmetry Ax2−y2 is able to distinguish between CP -even and CP -
odd couplings. We estimate the one parameter as well as simultaneous limits on the couplings
using all the observables based on the total χ2 for luminosities 35.9 fb−1, 150 fb−1, 300 fb−1 and
1000 fb−1. Our one parameter limits are comparable to the best available limits obtained by
the LHC [42] at comparable luminosities. The asymmetries are instrumental in extracting the
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Figure 6: Comparison of σ vs (σ + pol.) in two dimensional marginalised contours from MCMC
for aTGC benchmark fVi = 0.002 in f
γ
4 -f
Z
4 panel and f
γ
5 -f
Z
5 panel at
√
s = 13 TeV for various
luminosities in ZZ production at the LHC
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parameters should a deviation from the SM be observed at the LHC. We did a toy analysis of
parameter extraction with a benchmark aTGC coupling point with fVi = 0.002 and found that
polarization with the cross section can exclude the SM from the aTGC point better than the
cross section can do alone. In this work, the observables for the aTGC are obtained at O(αs),
while they are obtained in the next order in the SM. The NNLO result in aTGC, when available,
is expected to improve the limits on the couplings.
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A Expressions of observables
σ(M4l > 1 TeV) = 0.096685 + f
γ
5 × 1.9492 + fZ5 × 1.7106
+ fγ4 f
Z
4 × 51788 + fγ5 fZ5 × 51204 + (fγ4 )2 × 54933
+ (fZ4 )
2 × 75432 + (fγ5 )2 × 54507 + (fZ5 )2 × 74466 fb (21)
σ(M4l > 0.3 TeV) = 7.9503 + f
γ
5 × 16.886 + fZ5 × 4.0609
+ fγ4 f
Z
4 × 58561 + fγ5 fZ5 × 54131 + (fγ4 )2 × 58771
+ (fZ4 )
2 × 81647 + (fγ5 )2 × 55210 + (fZ5 )2 × 78325 fb (22)
σ(M4l > 0.7 TeV) = 0.37616 + f
γ
5 × 3.8161 + fZ5 × 2.9704
+ fγ4 f
Z
4 × 55005 + fγ5 fZ5 × 52706 + (fγ4 )2 × 57982
+ (fZ4 )
2 × 80035 + (fγ5 )2 × 57131 + (fZ5 )2 × 78515 fb (23)
A˜num.xz (M4l > 0.3 TeV) = −0.77152 + fγ5 × 6.1912 + fZ5 × 7.8270
+ fγ4 f
Z
4 × 2869.5 + fγ5 fZ5 × 396.94 + (fγ4 )2 × 1029.7
+ (fZ4 )
2 × 2298.7− (fγ5 )2 × 274.02− (fZ5 )2 × 1495.5 fb (24)
Anum.x2−y2(M4l > 0.7 TeV) = −0.04295 + fγ5 × 1.5563 + fZ5 × 0.37094
+ fγ4 f
Z
4 × 3299.8− fγ5 fZ5 × 5853.9 + (fγ4 )2 × 4241.8
+ (fZ4 )
2 × 5679.3− (fγ5 )2 × 6520.1− (fZ5 )2 × 8559.3 fb (25)
Anum.zz (M4l > 0.7 TeV) = 0.048175− fγ5 × 0.12125− fZ5 × 1.5339
− fγ4 fZ4 × 6449.2− fγ5 fZ5 × 5860.4− (fγ4 )2 × 6344.7
− (fZ4 )2 × 8907.4− (fγ5 )2 × 6457.7− (fZ5 )2 × 8346.8 fb (26)
The asymmetries will be given as,
A˜xz =
A˜num.xz (M4l > 0.3 TeV)
σ(M4l > 0.3 TeV)
,
Ax2−y2 =
Anum.x2−y2(M4l > 0.7 TeV)
σ(M4l > 0.7 TeV)
,
Azz =
Anum.zz (M4l > 0.7 TeV)
σ(M4l > 0.7 TeV)
. (27)
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B Note on linear approximation
We note that, the linear approximation of considering anomalous couplings will be valid if the
quadratic contribution on the cross section will be much smaller than the linear contribution,
i.e.,
|fi × σi|  |f2i × σii|, or |fi| 
σi
σii
, (28)
where σi and σii are the linear and quadratic coefficient of the coupling fi in the cross section.
Based on σ(M4l > 1 TeV) in Eq. (21) the linear approximation constrain fV5 as
|fZ5 |  2.2× 10−5, |fγ5 |  3.5× 10−5, (29)
which are much much smaller than the limit (see Eq. (2)) observed at the LHC [42]. To this end
we keep terms upto quadratic in couplings in our analysis.
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